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ABsTRACT. The article examines the effect of the free surface on the
hydrodynamic characteristics of the propeller by numerical simulation
in Logos software package. The numerical approach is based on a three-
dimensional system of Reynolds averaged Navier-Stokes equations, which
is closed by the SST Menter turbulence model together with the laminar-
turbulent transition model ¥ — Reg. The Volume of Fluid method is
used to account for the free surface. A rotating propeller is simulated
by a moving computational mesh and flow interpolation through a mesh
interface. The method validation results are given, they were obtained
on the problem of finding the open water performance of model-scale
propeller KP505. The results of numerical simulation of a model and full-
scale operating propeller with different depth of immersion are presented.
It has been shown that the small immersion depth of the propeller most
strongly affects the propeller performance at the small advance coefficient
due to the occurrence of aeration. The obtained thrust and efficiency
of the full-scale propeller are higher than the model coefficients, which
is also observed for propellers operating under open water conditions
without a free surface.
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2 K.C. IIJIBI'YHOBA

1. BBEJEHUE

Il ONEHKH W TIPOTHO3WPOBAHUS XOJIOBBIX KAYECTB CY/HA HAPsy C Olpeelie-
HUEM COIPOTUBJICHHST KOPILYCA BaXKHOE 3HAYEHUE MMEET TOYHOE OIPEJIeJIeHne TH/I-
POJIMHAMUYIECKIX XapaKTEPUCTHK ero JBrkuTeseil. HecmoTpst Ha ux 6oJibIoe pas-
HOODOpa3ue, HanboJsiee IPGEKTUBHBIM U PACIPOCTPAHEHHBIM YCTPONCTBOM SIBJISIETCSI
rpebuoit BuaT. OH COCTOUT W3 CTYNIWIIHI U JIONACTEH, SBJISIIONIUXCS €ro padodnMu
SJIEMEHTAMY, U PACIIOJIAraeTCs HA BaJjy, KOTODBIN IIPUBOINTCH B IBUKEHHUE CYI0-
BBIM JBUTaTeseM. B mporecce paboThl rpedbHO#t BUHT auamerpa [ ¢ 9acToTOi n
BpaII[aeTcsi BOKPYI CBOEH OCH U C IOCTYIATEIBHON CKOPOCTBIO U, IePEeMeNiaeTcsi
BJIOJIb HeE. 3a CYeT Pa3HUIIBI JIABJIEHUN HA 3aCAChIBAIOIIEN ITOBEPXHOCTH JIOACTH,
OoOpaIleHHOl B CTOPOHY [IBUKEHUs, U HATHETAIOIIell, BOCIPUHUMAIOIIEH PeaKIInio
OTOPOIIEHHBIX MACC BOJBI, CO3ai0TCsl yiop rpebuoro sunra T u moment @ [1].

Ha pucynke 1 mokazana mocTaHOBKa 3aja4dn OOTEKaHUsT TPEOHOT0 BUHTA.

D
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Puc. 1. ITocranoeka 3ajaun obrekanus rpebHOro BUHTA [1]

ITyTh, HPOXOMMMBIN I'PEGHBIM BHHTOM B OCEBOM HAIPABJIEHUH 32 OJUH 00ODOT,
HA3BIBAETCA IOCTYILIO [1]:

(1) ha = vg/n.
Ilepeitng K Ge3pasMepHON BeJMUINHE, 3alUIIeM OTHOCUTENBHYIO IIOCTYIb B CJie-
JIYIOIIEM BUJIE:
ha _ va

2) J:f:nD'

OTHOCI/ITeJIbHa.H IIOCTYIIb J — BazKHeHIasi KMHeMaTudecKast XapaKTEepUCTUKa,
OIIPeJIEJISIFONIAsl PEXKUM PabOTHI TPEOHOI0 BUHTA.

OCHOBHBIMU T'HIPOINHAMUIECKIME XaPAKTEPUCTUKAMEI I'PEOHOrO BUHTA SIBJISIET-
ca xkoabdurment ymnopa Kr, xosbdnmment MmomenTa Ko 1 Ko3bdUIEEHT mOTe3-
HOTO JEHCTBUS 1), KOTOPBIE PACCIYUTHIBAIOTCS COIVIACHO CJIEAYIONMM (POPMYJIaM:

3 Kp=— L g @ _J Kr
() T*p.n2lD47 Q*p_nQ.D5a77*%~K7Qa
rje p — IJIOTHOCTb CPEJIbI.

Ba.BI/ICI/IMOCTI/I ITUX XapaKTepHCTI/IK oT OTHOCHTGJ’II}HOfI HOCTyHI/I Ha3bIBATCA KpI/I-
BbI€ JIeficTBUsI I'PEeOHOrO BUHTA, WX OOIIMil BUJ| IOKA3aH HA PUCYHKE 2.

I/I3—3a SHAYUTEJIbHBIX Fa6apI/ITOB I‘pe6HLIX BUHTOB HpOBe,ILeHI/Ie HaTyprIX HCIIBbI-
TaHU B J1AOOPATOPHBIX YCJOBUSX MPAKTHUIECKA HEBO3MOYKHO, ITOITOMY SKCIIEPH-

MEHTaJIbHOE MCCJICJOBAHUE UX pa6OTI>I OCYIIECTBJIACTCA Ha YMEHBIIIECHHBIX MOJEJIAX



J

Puc. 2. Kpussle nefictBust rpeGHOTO BuHTA [1]

C UCIOJIb30BAHUEM OIMBITOBBIX OACCEHOB, MHIPOJOTKOB U KABUTAITMOHHBIX TPyO. [1o-
JIydeHHBbIe Ha MOJIEJISAX PE3YJIbTATHI 3aTeM IKCTPAIIOJUPYIOTCA HA TOJTHOMACIITA0-
HbIe 00BEKTHI C IOMOIIBI0 PA3JIMIHBIX METOJUK Hepecdera. K cTaH apTHBIM UCIIBI-
TaHUSIM I'PEOHOIO BUHTA OTHOCSIT TECTHI B TaK HA3bIBAEMBIX YCJIOBHUSX CBOOOIHOMN
BOZbI, B KOTOPBIX H30JIMPOBAaHHAS MOJE/b paboTaeT B OE3rpaHUYHON KUIKOCTH,
U CaMOXOJ/[HbIE WCIIBITAHUS, B KOTOPBIX I'PEOHOIl BUHT paboTaeT 3a KOPILYCOM CY/JI-
ua [1, 2].

HecmoTps ma 60/bI10€ KOJMIECTBO PAOOT, TTOCBSIIEHHBIX UCCACTOBAHUIM Pabo-
THI JIBUKUTENEH B PA3/IMYHBIX YCJIOBUSX, B TOM YHCJIE U C IIOMOIIBIO BBIYHCIIN-
TeJIHOW I'UIPOJIMHAMUKYI, HEKOTOPBIE BOIIPOCHI, KACAIOIINECs BJIUSIHUS KCILIyaTa-
[IMOHHBIX (PaKTOPOB Ha THAPOIMHAMUYECKIE XaPAKTEPUCTUKNA I'PEOHOrO BUHTA, IO
CHUX IIOpP OCTAIOTCSI OTKPBITHIME. PsJT TAKUX BOIIPOCOB COJEPXKUTCSA B oTdere 29-0if
Mexnynapoynoii koudepennuu onbroBbix 6acceitnos (International Towing Tank
Conference — ITTC) [3]. Oxna u3 npobiem, Ha KOTOPYIO HCCJIEIOBATENSAM DEKO-
MeH/IyeTcsi OOpaTUTh BHUMAHME, CBsi3aHa ¢ paboToll IrpeOHOrO BHHTA B YCJIOBHSX
BOJIHEHUSI, BBI3BIBAIOIINX KAUKYy Cy/Ha. [Ipyn Kauke cy/iHAa MOYXKET BOSHUKHYTH CATY-
aIst, KOTJIa €ro JBUKUTE/Ih OKA3bIBAETCs B YCJIOBUAX MAJIOIO I JIAYKEe HEIOJTHOTO
MOrpy»KeHus. Ban30cTh CBOOOAHOM TTOBEPXHOCTH IPUBOJIUT K JIOTIOJTHUTEIHHBIM 3a-
TpaTaM HEPIUH Ha BOJTHOOOPA30BaHUE, UTO CHUKAET yrop BuHTa. Kpome Toro, mpu
JO0CTATOYHO 6OJ'H)IIIOI‘/'I Harpy3Ke MOXKeT HaCTYIIUTD fBJIEHHUE adpalluidl — Pa3HOBUJIHO-
CTH KaBUTAIUHU, IIPU KOTOPOIl KABUTAIIMOHHBIE TIOJIOCTU HA JIOMACTSIX B MOMEHT Ha-
XOXKJIEHUSI TTOCJIEIHUX B BOJIE OOPa30BaHbl 3aXBAYEHHBIM C IIOBEPXHOCTU BO3JLYXOM,
U JIABJIEHUE B HUX PABHO aTMOChEPHOMY, TP ITOM HABJIIOIAETCS CBOMCTBEHHOE Ka-
BATHPYIOMIEMY BUHTY JIOTIOJHATENHHOE CHIZKEHUE €TO MPOIYJIbCUBHBIX KaIeCTs [4].

Bnusnue cBoboHOM MTOBEPXHOCTH Ha PAabOTy IpeOHOTO BHHTA B CBOOOJIHOI BO-
Jie C TIOMOITIBIO YHMCJIEHHOTO MOJIeJIMPOBAHUS paccMaTpuBaercst B paborax [5, 6, 7].
B [5] uccieioBasiack 9yBCTBUTENBHOCTD THIPOMHAMUIECKIX XapAKTePUCTUK Iped-
HOIO BUHTA K GJIU30CTH CBOOOIHOM TOBEPXHOCTH, MOy YEHHBIE PE3Y/IbTAThl CPABHU-
BaJIUCh C 9KCIIEPUMEHTAJIbHBIMU JAHHBIMU, B [6] OLEHUBAJIOCH BJIUSIHUE BOJIHEHUS
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BOJIHOM IIOBEPXHOCTH, B [7] ucciieoBasiuch BOJHOBas KAPTUHA CBOOOIHOM TIOBEPXHO-
CTH, CTPYKTypa ODTEKaHWsl, a TaKyKe THIPOJIUHAMUICCKUAE XapPaKTEePUCTUKUA Tped-
HBIX BUHTOB B JiByX Macmrabax. Ciegyer oTMeTHTh, YTO BO BCEX ITHUX paboTax
MaTeMaTHYIecKasi MOJEJb He yUIUTHIBAET JJAMUHAPHO-TYPOYIEHTHBIN Mepexo], 9To
BayKHO IIPU 0OTeKaHNM TPeGHBIX BUHTOB MOJIETBHBIX Pa3Mepos [8, 9.

Jpyrum akTyaJbHBIM BOIIPOCOM B KOPaOeIbHON I'MIPOJUHAMIKE SIBJISIETCS OIIE€H-
Ka MacmTabHoro agpderTa, TO ecTh, COMOCTABUTEILHBIE PACIETHI JJIsi MOIETBHOTO
9KCIIEPUMEHTa W HATYPHBIX ycaoBuit. Bingnume macirradbuoro adderTa Ha KpUBLIE
JeffcTBus rpeGHOrO BUHTA B ¢BOOOAHOM Bose nccienosanocs B [10, 11]. B [7] mposo-
JIMJIOCH YUCJIEHHOE MOJIeIMpOBanue paboThl BOIM3U CBOOOIHOI ITOBEPXHOCTU I'PEO-
HBIX BUHTOB Pa3HBIX MOJIEJIBHBIX MacIITabOB, OJIHAKO HATYPHBINA pa3Mep rpebHOro
BUHTA HE PACCMaTPUBAJICH.

Hacrostmast ctaTbst IOCBSIEHa UCCIEI0BAHIIO BIUSHUS OJIM30CTH CBOOOTHOM 110-
BEPXHOCTH Ha pabOTy rpeOHOTO BUHTA MOJIEIHLHOTO U HATYPHOI'O MACIITabOB B yCJIO-
BUSX CBOOOZHOM Bozbl. Vcmosb3yemast METOMKa IUCIEHHOTO MOjieupoBanust [12]
OCHOBaHa Ha pelreHun cucreMbl ypapHeruit Hasbe-Crokca, ocpegHeHHBIX 110 Peii-
HOJIBJICY, KOTOPasi 3aMbIKaeTca Mozesbio TypOyiaentaocru SST Menrepa [13] cos-
MECTHO € MOJIEJIBIO JIAMUHAPHO-TYPOyJIeHTHOro nepexojia ¥ — Reg [14]. dst mogesn-
pOBaHUsST CBOGOMHON MOBEPXHOCTH MCTIONb3yeTcss Meroy, Volume of Fluid [15]. Vaer
BpallieHust rpebHOr0 BUHTA OCYIIECTBIISETCS IPU IOMOIIU JIBUYKEHUSI Y3JI0B pacIeT-
voit cerku 1 GGI-110/106HOTO MeTO/1a J1JIsT COTJIACOBAHMS PEIIEHUsT Ha, CMEXKHBIX IDa-
HUIAX IPOM3BOJIbHBIX HECTPYKTYPUPOBAHHBIX CETOK JBYX obsacreit [16]. Meronuka
peasin3oBaHa Ha 6a3e poccuitckoro nakera nporpamm «Jloroc» [17, 18, 19|, npexma-
3HAYEHHOTO JIJIsl MOJIEJTUPOBAHNS COIPSI?KEHHBIX TPEXMEPHBIX 38/]ad KOHBEKTUBHOTO
TEIJIOMACCOTIEPEHOCa, A9POJMHAMUKY, THIPONHAMUAKHA U MPOYHOCTH HA BBICOKOIA-
pastenbabix 9BM. Banupamnust MeTOIUKN YUCIEHHOIO MOJETUPOBAHUS BBIIIOJIHSI-
ercsl Ha 3aJ[ave OIpe Ie/IeHNsI KPUBBIX JIEHCTBUS MEXK[yHAPOIHON TeCTOBOM MoIeu
rpebroro Buata KP505 B cBoOOmHO# Bome. [IpoBonsTest pacaersr KoadbduImeHToB
yIopa, MOMEHTa U IOJIE3HOro jeicTBus rpeduoro sBunta KP505 MomensHOrO U moJi-
HOMACIIITAOHOTO PA3MEPOB IIPU PA3HOI TUIyOHHEe MOTPYKEHUS.

2. METOUKA YUCJEHHOTO MOJIEJIUPOBAHUA PABOTHI TPEBHOI'O BUHTA

ObTekanne TpeOHOTNO BUHTA MOTOKOM BSI3KOM YKUJIKOCTH MOXKHO OIUCATH HECTa-
IIHOHAPHO TpexMepHOil cucremoii ypasaenuit Hasbe-CToKca B HM30TEPMIIECKOM
BHUJIC. ,HaHHaH cucreMa COCTOUT U3 YpaBHEHHUsA COXpaHEHUsA MaCCbl U YPaBHEHUA
COXpaHEHUsI UMITYJIbCa, M B KOHCEPBATUBHOII (popMe, B JTEKAPTOBBIX KOODMHATAX
umeer crepyrormii By [20]:

9 9y
(@) N P
ot + aa; (PUiy) = =g+ 5 Tij + PYis

e t — BpeMsl; ¢, § — HUXKHHE WHJIEKCHI, yKa3bIBalolllle Ha IIPUHAJJIEZKHOCTh BEK-
TOPHBIX KOMIIOHEHT K JIEKAPTOBBIM KOODJMHATAM, i, j = X, V, Z; U; — KOMIIOHEHTa,
BEKTOPa CKOPOCTH; T; — KOMIIOHEHTa BEKTOpa JEKAapPTOBLIX KOODJAUHAT; T;; — TEH30D
BSI3KUX HAIPS2KEHUI; ¢; — KOMIIOHEHTa BEKTOPA YCKOPEHUsi CBOOOIHOTO TAJIEHUS;
P — JaBJIeHUE; p — IJIOTHOCTDH CPEJIbI.



KoMImoHeHTBI TeH30pa BA3KUX HAIPSKEHUI ONMPEIEISIIOTC ¢ MOMOIIBIO PEOJIo-
rudeckoro 3akona Heroroma [20]:

B Ou; ~ Ouj 2 0uy
(5) Tig = H (8xj + or; 30 6”) ’

rze [t — JUHAMHYecKas BA3KOCTb, 0;; — cuMBOJI KpoHekepa.

ITpu skcmtyaranuu rpeOHOTO BUHTA CPejia, B KOTOPOi OH paboTaeT, MOXKeT XapaK-
Tepu30BaThCs HajamaneM JByxX ¢a3. Tak, HanmpuMmep, B KABUTAIMOHHBIX YCTOBUAX
MIPUCYTCTBYET TApOBas 1 KUAKas Pa3bl, Ipu paboTe BUHTA BOJIM3KM BOIHON TOBEPX-
HOCTH — BOJ[a U BO3/lyX. BozHuKamomuii Mexkda3HbIil pa3jes npu 3TOM Ha3bIBAIOT
¢cBObOO/IHOI 1TOBepXHOCTHIO. Hajmmune ¢cBOOOIHOI MOBEPXHOCTHU YCJIOXKHSIET PACCMaT-
PUBaEMyI0 MATEMATHIECKYIO MOJe/ib. JIIsi Moje ImpoBaHus TeYeHUsI CO CBODOTHOM
[MOBEPXHOCTBIO OJIHAM U3 HanboJiee MPUMEHUMBIX HA TPAKTUKE TOIXOJIO0B SIBJISIETCS
meron, VOF (Volume of Fluid) [15]. B mem B kauectBe Mapkep-dyHKIMU BBICTY-
naer obbeMHast J10Jist Gasbl, & JJIsl ee OIPEJIJIeHNs PENIaeTCsl YPaBHEHUE TepeHO-
ca. HpeI/IMyH];eCTBa.MI/I TaKOI'O MeTO/[a OTCJIE2KUBaHUA I'DaHUIIbI ABJIAETCA TO, 9TO
OH He MMeeT OrPaHUYEeHHUil HAa MHTEHCHUBHOCTH IT€peMeIeHns (pa3 U IMpuMeHsieMble
TPeXMepHbIE HECTPYKTYPUPOBAHHBIE CETKHU, UTO JI€JIAET €r0 PAaCIpPOCTPAHEHHBIM B
MpUKJIaIHBIX makerax nporpamm. Meron VOF ocHoBaH Ha peleHun CUCTEMbI ypaB-
nenniit Hapoe-Crokca (4), Koropasi JIONOIHAETCS YPABHEHUEM II€PEHOCa 00'bEMHOI
JIOJIA TUCTIEPCHBIX (has:

P
gﬁlfl) =+ %(;puz) = 07 5 5
(6) 5+ aa; (puivy) = =55 + 5.-Tij + gis

16)
P + 52 (uipgae) = 0,

rje § — UHJEKC, YKa3bIBAIOIINH Ha IPUHA/IIE’KHOCTb K OT/Ie/IbHOI dase, g — 00b-
émuas foms E-it haspl, p — Pe3yIbTUPYIONAs IIJIOTHOCTD, IIPEJICTABIISIONAsT OO0
YCPEeJHEHHOE 3HAYEHHE IIJIOTHOCTH 110 BceM (azam:

N
(7) p=>_ peac,
=1

rme N — KoamndecTBo has.

Tak kak obTekanue rpeOHBIX BUHTOB IIOTOKOM KUJKOCTH (DaKTHUECKU BCETIIA
IPOUCXOJUT B TypPOYJEHTHOM pexkume, cucrema (6) permaercs BMeCTe ¢ KaKUM-
00 METONOM MOJIEJNPOBAHHA TYpOYJIEHTHOCTH. B HacTosInee BpeMs NPAKTHKA
MOJIEJTMPOBAHUsA TYpPOYJIEHTHBIX TeUeHni cBa3ana ¢ npuMenenneM RANS-meromos
[21], Buxpepaspematonux noaxonos LES [22], a takzke ux rubpuos [23]. B cayuae
RANS noxxona jyist onucannsi TypOyJIEHTHOTO JBUYKEHUS BA3KONW JKMJIKOCTH U Ta-
3a UCnoJb3ytorcs ypasaenus Hasbe-Crokca, ocpennentbie 1o Peiinosbicy (3uaku
ocpeiHeHnst omycKatorest) [20]:

9
g—? + 52 (pus) =0, ,
(8) Bi o+ o (pwiny) = =5 + 57 (g +7'45) + pgis

9 b
St + g (wipsag) =0,

rae Ttij — TEH30D PEHHOJILACOBLIX HAIIPAXKCHUNA.
Jluneitabre quddepennuaababe MOJIETN TYyPOYJIEHTHOCTH UCIOJIb3YIOT IMIIUPH-
9ecKue COOTHOIIEHUs Jjisd KoddduimenTa TypOyIeHTHON BA3ZKOCTA [y U TUIOTE3Y
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Byccunecka fy1a Boraucienus TeH30pa PEHHOILICOBBIX HAIPSIKEHUIH:

1 Ouy, 2 1 /0u; Ou;
to_ TR S Iy 5 i = v -7
(9) T 5 = 2 (S” 302, 5”> + 3/{62], Sij 5 <8mj + aa:i>

rje k — KuHeTHYeCcKas dHeprus TypOyJIeHTHOCTH.

Cucrema ypasaenuii (8) 3aMbIKaeTcs MOJIEIbI0 TypOyaenTHoctu k —w SST Men-
repa [13] coBMECTHO ¢ MOJIEJIBIO JIaAMUHAPHO-TYPOYJIEHTHOrO 11epexoia ¥ — Reg [14].

Bpairenue tenia MOJEIUPYETCs ¢ MOMOIIBIO METO/IA SIBHOTO BPAIEHUS, KOTOPOe
00ecrieunBaeTCd JIBUKEHUEM PACYETHON CEeTKH BMECTe ¢ paHUIaMK BUHTA. [lpu
TAKOM MOJIXO0JIe BhIJIE/sieTCs 00/1aCTh BOJIU3U TPEOHOIO BUHTA, B KOTOPOIl OCYIIECTB-
JISIETCST BpAIleHne, B TO BPEMS KaK OCTaJIbHAas 0OJAaCTh OCTAETCS HEMOABUAKHOM. [T
yuéTa JBUXKEeHHs CeTKHU B cucreMe (4) ucrosb3yercs coorHolienue [24]:

dr 0 0
¥ <P+ ¥»

(10) o = o TV

d*p
rae
HO MOJIBUKHON CHCTEMBbI KOODAWHAT, U; — BEKTOP CKOpOCTH mepemerienust ceTku. C
ucnonb3zoBanueM (10) ypasHeHue 1epeHoca 00bEMHOI JOJIM MOXKHO 3alHCATDH CJie-
JIYIONIUM 00Pa3oM:

d* o Oag 0 (u; —v;) ae [d*pe Ope
11 — (U —v) =t ——F—— = —— | —— + (u; — v
(11) dt (ui i) ox; Tt ox; pe | dt (ui i) ox;
re d;% — cyOCTaHIMOHAJIbHAS [IPOU3BO/HAS HA JIBUXKYIIEHCS CETKE.

YpaBHeHNE COXpAHEHHs MMILYJIbCa TakxkKe (hOPMYJIUPYETCsi OTHOCHTEIBHO IO-
JIBIDKHOM cruCTeMbl KoopauHar ¢ yuéroM (10):

d*u o 0 _ Op | Omy ,
L a— (pu; (uj —vj)) Uz%j (p(uj —vj)) = o + oz, + 1Y

(12)

YpaBHEeHIE COXPAHEHNS MACCHI 3AITUCHIBACTCS OTHOCUTETEHO CKOPOCTHU B ITOBHUK-
HOI cHCTeMe KOODJIMHAT B CJIEIYIOIIEM BHJIE:

Olwi—v) _ _g~og[dpe (0P
(13) or; Zg:ps { a H G,

Takum 06pa3oM, KOHEYHAs CUCTEMa ypaBHeHui (4) IpUHUMAET CIIeAYIONMH BII:

O(u;—v; d* o
(Tl) _XE: %: { PE 4 (u; — v;) 82&}
u; o 37’17
(14) P + g2 (pui (uj — v5)) = wigh (p(uj = v;)) = =52 + G2 + pgi
d* o O «@ d* o)
At (ui— i) 5 5—1—0450”%——[)—:{ pg—&-(ui—vi)—aﬁ]

st aucsienHoro penienus ypasaenuii cucrembl (14) dopmupyores CJIAY B co-
orsercteun ¢ SIMPLE-mono6ubmM asropurmom [20, 21|, B KOTOPOM TOJIsSI CKOPOCTH U
JIABJICHUsT HAXOJISITCST IO CXeMe IIPEJIMKTOP-KOPPEKTOP. YCKOPEHHUE BBIYUCICHU 115t
[IPOBEJIEHHST PACIETOB Ha BBICOKOIIPOM3BOJIUTENBHLIX cyrep-9BM ocymniecrsisiercs
MHOIOCETOYHBIM MeToZIoM [25]. Onmcannast BbIIIe YUCICHHAST METOIUKA PEan30Ba-
Ha Ha 06a3e oredecTBeHHOro makera nporpamm «JIorocs (IIIT «Jlorocs) [17, 18, 19].



3. BAIMJIALIMA METOJMKN YUCJIEHHOTO MOJIE/JIUPOBAHUS

Tl BAIMIAIINN METOIUKY YHCICHHOTO MOJICIMPOBAHUS PACCMATPUBACTCS 38,18~
4qa OOTEKAHUS OJHOPOIHBIM MMOTOKOM BSI3KON JKUIKOCTH MEXKIyHApOIHON TecTo-
BOIl MoJieJii IsITUJIoOnacTHOro rpebuoro Buata KP505, paspaborannoro FOzkwHO-
Kopeiickum HayTHO-MCCIIEI0BATEIBCKAM HHCTUTYTOM KOPAaOJIECTPOCHHUST U OKEAHN-
geckoit nuxkenepun (Korea Research Institute of Ships and Ocean Engineering).
Jannast 3a71a7a COOTBETCTBYET yCJIOBUSIM IKCIEepUMeHTa [26], B KOTOpOM MOJIesh-
HbIi rpebHOoil BunT ¢ auamerpoM D = 0.25 M Bpamasics ¢ gacroroii n = 20 06/c u
00TeKaJICsI TOTOKOM BOJIbI CO CKOPOCTBIO, OIIpeIeJsieMoil 1o hopmyiie:

(15) V,=J-n-D.

OrHocuTesbHAS TOCTYIIL TpebHoro BuHTa J n3mensiiach B uarepsaste 0.1 — 0.9 ¢
maroMm 0.1, COOTBETCTBEHHO, JHANa30H CKOPOCTEN HAOETaIOIEero MOTOKA COCTABIISII
1+4.5 m/c.

Tleomerpust momesnn rpebuoro Bunta KP505 nmokazana na pucymke 3.

Puc. 3. Mopness rpebuoro Bunta KP505

Wcnons3ytorest CKOIB3sIIe PACIeTHBIE CETKU, KOTOPBIE COCTOST W3 JIBYX pe-
THOHOB — BPAIAIOIIErocsi BHYTPEHHETO W HEMOABUKHOTO BHerrHero. Oba pernona
MIPEICTABJISIOT COOOM MUINHIPBI, TPeOHON BUHT, 3apUKCUPOBAHHDBIN Ha KOHIIE BaJja,
PACITIOJIO’KEH BHYTPH BPAINAIONIETOCs] PEIHOHA, KaK MOKA3aHO Ha PUCYHKE 4.

BPALLAIOLLUACH
PErMOH

BXoa / BbIXOoa
[ B DOABNEHME

== —

HEMOABWMXHbLIA
PEFMOH

L

Puc. 4. Cxema pacdernoit obmacTu g 380291 0OTEeKaHUsA Tped-
noro BuuTa KP505
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Pacuernast cerka, mokazaHHasl Ha PUCYHKE 5, IMOCTPOEHA CO CIYIIEHUSIMU sSTIe-
€K BOJIM3M JIOTIACTElN, MO XOIY JBUKEHUsI 3aKPYUIEHHOIO MOTOKA [JIsi IUCJEHHOI'O
pa3pelneHns: KOHIIEBBIX BUXPel, & TaK:Ke B IOTPAHUTHOM CJIOE.

Puc. 5. Ienrpanbhoe cevuenne ceToaHoil Mojieu rpebroro suaTa KP505

Ha BxonHOII rpanurie 3ajaercsi CKOPOCTb HaDerarollero MnoToKa, Ha BBIXOJIHOMN
IpaHulle — JiaBJIeHNe, Ha I'PaHMUIAX I'PeOHOrO BUHTA 3a/laHa CTEHKA 0e3 IPOCKaJIb-
3bIBaHUsI, HA OOKOBOI I'PAHUIE PACIETHON 00JIACTH — CTEHKA C IIPOCKAJIb3bIBAHUEM,
Ha I'DAHUIAX MEXKJIy JIByMsI DECHOHAMU YCTAHOBJIEHBI BHYTpPEHHUE HHTEPMEHCHI.

B pacderax ObLIM NPUHSATHI Cjle/yfolue 3Ha4YeHus (PU3MIECKUX CBOMCTB BOJIBI:
JMHAMEIYeCKas BasKocThb ;= 0.00114 Ila-c, mmotHocTs p; = 1000 kr/m>.

Ha pucynke 6 1moxasaHo 110jle CKOPOCTH B IIPOJIOJIBHOM CEYEeHUU PacdeTHOil 00-
JIACTH JUI PEXKUMa ¢ OTHOCUTeJbHOI noctynbio J=0.5. VI3 pucynka 6 BujgHO Xa-
PaKTepHOe paclpejie/leHne CKOPOCTHU IIPU 3aKPyTKe MOTOKa.

u (m/c)
7.0

6.0
5.0
4.0
3.0
20
1.0

Puc. 6. Ilosne ckopocru (pexumJ=0.5)

Ha pucynke 7 mokasano cpaBHeHne KpuBBIX JeiicTBus rpedHoro sunrta KP505,
nosyuenabix B I «Jlorocs, ¢ skcnepumeHTadbHbIMA faHHbIME [27]. Kak BumHO
U3 PUCYHKa 7, Pe3yJIbTaThl YUCIEHHOI'O MOJEIMPOBAHUS XOPOIIO COIVIACYIOTCA C
9KCIIEpUMEHTAJIbHBIMI JaHHBIMU. IlorpemnocTs B npenckazanuu KodbdUINEHTOB
MOMEHTA U yIOopa IPUHUMAET HauOOJIbIINe 3HAYEHI Ha OTHOCUTE/ILHBIX IOCTYIIAX,
OJIN3KUX K €IMHUIE, B CBA3H C MAJIBIMU 3HAYCHUAME YIOMAHYTBIX BEJUYIHH B 3THX



pekuMax paboThl I'pebHOro BiHTA. Kak ciie/icTBre, BO3paCcTaeT U IHOIPEITHOCTD [IPU
BBIIHCICHAN KO3 DUIMEHTa T0e3HOr0 neficTBusa. OTKIOHEHNS Oy IeHHBIX 3HA-
YeHUHl XapaKTepUCTUK I'PeOHOrO BHHTA IIPH 3HAYEHUSX OTHOCUTEIHHON IIOCTYIIN
menbmre 0.7 cocrapiaior menee 5%. Makcumasbuoe orkionenue o KITJT mabiiio-
JlaeTCs IIPU 3HAYEHUM OTHOCUTE bHOM moctynu J=0.8 u cocrasiger 1.8%.

Ky 10Ky, 7
0.9 o] KT C—)KcnepI/IMeI;T o KT Jloroc
---10KQ DxcniepuMeHT ® 10KQ Jloroc

0.8 —1 OKCIIepHUMeHT A n Jloroc
0.7 >
0.6
0.5 |
0.4
0.3
0.2
0.1

0

0 0.2 0.4 0.6 0.8 J 1

Puc. 7. Kpusbie neiicreus rpebuoro suata KP505

4. YNCJEHHBIE UCCJIE[JOBAHUSA

4.1. UccnepoBaHue BJIMSHHUSI CBOOOIHOI IMOBEPXHOCTH HA THAPOIMHAMMU-
YecKHe XapaKTEePUCTUKHN MOJeJIbHOrO rpedHoro BuHTa. JlasbHeiimnee uccie-
JIOBaHUE TaKKe MPOBOAWUTCH Ha Mozenu rpedbuoro Buarta KP505, macmTab mome-
sin cocrasiser 1:31.6. s onenkn Binsiaus 0u30CcTH CBOOOIHOM TOBEPXHOCTU HA
IUJIPOIMHAMUYECKIE XapaKTEPUCTUKNA T'PeOHOr0 BHHTA PaCCMATPUBAETCSI YeThIpe
BapUaHTa TJIyOWHBI IIOIDYKEHUsI, IpeCTaB/IeHHbIe B Tadmie 1.

TAB/INIA 1. BapuauTsl riiyOWHBI IOTPY2KEHUsT MOIETHHOTO TPeb-
HOT'O BUHTA

Ne | Tiy6una norpyzxenus h, m | Ornomenue h/D
1 0.30 1.2
2 0.25 1.0
3 0.20 0.8
4 0.15 0.6

Ha pucynke 8 nmokazana cxema pacdeTHO 00IaCTH U 38 JaHHbIE TPAHUIHBIE YCJIO-
Bus. I'pebHO BUHT pacnoJioxkeH Ha paccroguuu 5D or Bxomuoit rpanurs u 12D or
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BBIXOJIHOI TPAHUIILI, 1O HUXKHEW, BepxXHEHl 1 OOKOBBIX I'DAHMUIL PACYETHON 0bIacTu
paccrosame cocrasisier 3.5D, rime D — nuamerp rpebHOrO BUHTA.

CropocTh
BXOIHOTO

IIOTOKa \ ;

Crenxa 6e3 il

NpOCKATB3BIBAHMA — Jarnenune

7D Hurepdeitc }

VAR
Y Crenxa ¢ :
MPOCKaJIb3bIBAaHHEM

Puc. 8. Cxema pacuerHoii obactu

Ha pucyrxke 9 nokasan o6muit BuJ pacuerHoii cetku (cayuqaii h/D=0.6), a Tak:ke
eé dparMeHThl BOJIM3U IPEOHOIO BUHTA B IIPOJIOJIBHON U TOMEPETHON ILJIOCKOCTSIX.

Ha pucyuke 10 mokazana dpopma cBOOOIHON TOBEPXHOCTH BOJIN3U IPEOHOTO BUH-
Ta Upu riybuHe norpyxkenus Baja h/D=0.6 B 3aBUCHUMOCTH OT OTHOCHTEJIHHOM
mocTynu. BuiHO, 9TO ¢ yBeJIudYeHHEeM IOCTYIIH, TO €CTh, C HAPACTAHUEM CKOPOCTHU
HaberakoIero Ha rpebHON BUHT OTOKA, BO3MYIIEHUE CBODOIHOM TOBEPXHOCTH CHU-
xKaercst. B ciryuae orHOcuTesibHON mocTynu J=0.3 3a rpeOHBIM BUHTOM BO3HUKAET
rIyOOKasi MOJIOCTh, €ro JIOMACTU IIEPEeCEKAT paszesi a3 U OrOJIAIOTCH, 38 HUMU
BO3HUKAIOT U pacxonarcd BoiHbL. Jlns ornocurenbnoit moctynu J=0.5 nabiona-
ercs HeOOJIbINIas IIOJIOCTh 338 I'PEOHBIM BUHTOM, OTOJIEHHE JIOIIACTENl OTCYTCTBYeT, B
ciygaax J=0.7 u J=0.9 uzmenenune popMbl CBOOOTHOM TOBEPXHOCTH TPAKTUIECKHU
OTCYTCTBYET.

Ha pucynke 11 moka3aHbl H30JIMHUU CBODOIHON MOBEPXHOCTHU JJISt I€THIPEX PAC-
CMAaTPUBAEMBIX CJIy9IaeB IVIyOMHBI HOTDYKeHnsl 'PEOHOr0 BUHTA B PEXKMME C OTHO-
curesbhoil nocrynbio 0.3 (Y — Beprukasibuast Koopjauuara, Y =0 cooTBeTcTByeT OCH
BaJsia rpebHOro BuHTA). BUjiHO, 9TO IIpH caMoiil MaJIoit riryGuHe morpysKeHnst HabJrro-
JIaeTCsl CaMoe MHTEHCUBHOE BOJTHOOOPA30BaHUe, 110 MEPE YBEJIUICHUs PACCTOSTHUST JI0
BOJIOPAa3/ie/1a HHTEHCUBHOCTD BOJHOOOPA30BAHNE CHUKAECTCS.

Ha pucynke 12 npuBeeHb! T0OJIsT CKOPOCTH % B IMPOJIOJIBHOM CEYSHUH PACIETHON
obJiacTu, YepHOil sinHueli obosnaden paszzgen a3 (pexkum J=0.3). B nepsbix asyx
CIIydasix IPOMCXOIUT OrOJIEHUE JIOIACTH I'DEOHOr0 BUHTA U, COOTBETCTBEHHO, BO3-
HUKAET a’pallysi, TO €CTh, 3aXBaT BO3/yxa Jonacrbio. I[Ipu morpyxenusx h/D=1
u h/D=1.2 jonactu He NEPECEKAIOT CBOOOMHYIO TIOBEPXHOCTD, XapPAKTEP PACIIPEJIe-
JIEHUsI CKOPOCTU COOTBETCTBYET IOJII0 CKOPOCTH, HADJIIOMAEMOMY IPU OTCYTCTBUU
cBOBOIHON HOBEPXHOCTH (CM. PUCYHOK 6).
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Puc. 9. Pacuernas cerka, cBepxy BHU3: OOIIUil B, IIJIOCKOCTH B
MIPOJIOJIBHOM CEYEHUH, IJIOCKOCTh B IIOIIEPEYHOM CEYeHUU

a)-6)-
B)-r)-

Puc. 10. Ionoxkenne cBOOOIHON MOBEPXHOCTU IIPU PA3JIMIHBIX
pexkumax paboThbl pebHOrO BUHTA B ciiydae norpyxenus h/D=0.6:
a) J=0.3, 6) J=0.5, B) J=0.7, r) J=0.9

Ha pucynkax 13-15 npejcraBiieHbl 3aBHCUMOCTH KO3(DMUIMEHTOB yIOpa, MO-
MEHTa W IIOJIE3HOTO JIEHCTBHUS OT OTHOCHTEIBHON IIOCTYIN BUHTA JIJIsI PA3IUTHBIX
paccTostHUil 0T CBOOOIHOI MTOBEPXHOCTH JI0 BaJia IPEOHOIO BUHTA.

W3 pucynkos 13 u 14 BuaHO, 9T0 3aBUCHMOCTH KOI(DDUIUEHTOB yIIOPA U MOMEH-
Ta s ciydaeB h/D=1.2 u h/D=1.0 upakTu4ecKu COBIAJAIOT C 3aBUCUMOCTSMH,
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B)

0.05 0.15 0.25
0 0.10 0.20 0.30

Puc. 11. Usommuuu csoboxuoit nosepxuoctu: a) h/D=0.6,
6) h/D=0.8, B) h/D=1,r) h/D=1.2

Puc. 12. Ilose ckopocTu B MPOJOJTBHOM CEYECHUU PACIETHON
061acT JIJIsi 9eThIPEX CAYYaeB C PA3JIUIHBIM PACCTOSTHHEM OT
cBOGOJTHON TIOBEPXHOCTH J0 BaJia, rpebHoOro BuHTa: a) h/D=0.6,
6) h/D=0.8, B) h/D=1,r) h/D=1.2

[TOJIy9€HHBIMU TIPU OTCYTCTBUU CBOOOHON noBepxHOCTH. OMHAKO COIJIACHO PUCYH-
Ky 15, Biusinne cBOOOIHO MOBEPXHOCTU IIPUCYTCTBYET BO BCEX PACCMATPUBAEMBIX
CIIy9asix, TaK KaK KO3(DMUIMEHT TOJIe3HOI0 AeHCTBUS Ha OTHOCUTEIHbHBIX ITOCTYIIAX,



13

Ky
0.45
0.4 NS
0.35 55\2\\\
0.3 et ﬁ\\
0.25 SN
0.2 o —*—06e3 cCBOOOIHOI TTOBEPXHOCTH X K
015 ||-0-WD=06 N
~&-h/D=0.8 \:\
0.1 ........... —(>—h/D:1'O \§Y
0.05 |-t —o-h/D=1.2
0
0 0.2 0.4 0.6 0.8 1
J
Puc. 13. I'paduk kosdduruenra yropa
10K,
0.7
0.6 \
0.5 A=
" i TS
03 | —>—6e3 C;3060;LHOI>'I HOB;pXHOCTH
-0-h/D=0.6 \;\
02 |- ~5-h/D=0.8 Ny
-o-h/D=1.0
0.1 ........... _o—h/D:LZ
0
0 0.2 0.4 0.6 0.8 1
J

Puc. 14. I'paduk koapdurmenTa MOMEHTA

HaunHag ¢ J=0.7, 3anmxen. Haunbouibiliee BiMsiHME TUIyOMHBI NOTDYKEHHUS BUHTA
HAOJIIOIAeTCA HA MAJIBIX OTHOCUTEILHBIX MOCTYIAX: i ciaydas h/D=0.6 nagenue
yIopa ¥ MOMEHTa Ha OTHOCHUTEJIHHON mocTynu rpebuoro Buata J=0.2 jgocturaer
okouto 30%, mia cayqast h/D=0.8 — okoso 16%, mus h/D=1.0 — 6%.

Tak Kak JiyIst pacCMaTpPUBAEMOIT 33/1a41 IKCIIEPUMEHTAJIbHbIE JIAHHbBIE OTCYTCTBY-
IOT, IIPOBEJIEM Ka4YeCTBEHHYIO OIEHKY II0JIyYeHHBIX 3aBUCUMOCTEIl M'MIPOMHAMIIE-
CKUX XapaKTEPUCTUK C JIOCTYIHBIMH JIAHHBIMH I I'PEOHOrO0 BHHTA JPYroil KOH-
duryparun. Ha pucynkax 16-17 mokazaHbl 9KCHEpUMEHTAJIbHBIE KOI(DDUIUEHTHI
yIOpa U MOMEHTA JIJIsi MOJIEJIBHOIO YeThIPEXJIONACTHOrO I'peOHOrO BHHTA U3 pabo-

THI [5].



14 K.C. IIJIBIT'YHOBA

0.8
0.7

0.6 ATy
0.5
s

0.4 / —*—6e3 cBOOOIHOH TOBEPXHOCTH
03 -0-h/D=0.6
E)/ -A-h/D=0.8
02 ~o-h/D=1.0
0.1 -0-h/D=1.2
0.0
0 0.2 04 0.6 0.8 1
J

Puc. 15. I'pacduk koadduimenTa moJIe3HOro JeiCTBUS

Kr
03
Qt\\
0.25 S~ - -o-h/D=1.5 -
PR i NN ~o-h/D=12
02 *k\% -&-h/D=0.8 | |
§$§\\\ -&-h/D=0.6
T u DR
015 Lo Bl

0.05 X
I

Puc. 16. Kosddunuenr yuopa [5]

Kak Bugno u3 pucynkos 16 u 17, pacueTHble 32BUCUMOCTA KOI(DMUITHEHTOB yII0-
pa u momenTa rpebuoro Buata KP505 nMeror cxoxkuit xapakTep, 9YTO U SKCIIEPUMEH-
TaspHble s rpebroro sunta [5]. s cayuaes h/D=0.6 u h/D=0.8 B sxcuepu-
MEeHTe TaK:Ke HabJIIo/IaeTcs MaJeHre yIopa U MOMEHTa Ha MaJIbIX OTHOCUTEJbHBIX
nocTynsix, B ciaydasx h/D=1.2 u h/D=1.5 3aBucumoct K03(PHUIMEHTOB TPAKTH-
YECKH COBIIAJIAOT.

Yro KacaeTcs MpoIecca aspalyu, To apropamu [5| He ykasbiBaercs, HaOIIOIAIICs
JIX OH B 9KCIIEPUMEHTE, OJTHAKO B IPOBEJCHHOM MMU YHCJIEHHOM MOJIEIMPOBAHIY [IPU
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Puc. 17. Kosdpdunuenr momenta [5]

MaJIOM MOI'PY2KEeHUN IPeOHOTO BUHTA OTOJIEHUsI JIOTIACTEN HE TTPOUCXOAMIIO. B pexu-
ve J=0.1 Ha cBOOOIHOI TOBEPXHOCTH OOPA3OBBIBAJICS BUXPb W MIPOUCXOMUJI ITOJI-
€OC BO3JIyXa, HO JIOMACTU TPEOHOTO BUHTA HE TEPeCEeKaii CBOOOTHYIO TIOBEPXHOCTD.
37ech HY»KHO OTMETHTD, YTO JJIsl MOJIEJIMPOBAHUS BPAIIleHNsI TPeGHOr0 BUHTA B [5]
HCITI0JIH30BaJIaCh HEMHEPIINAIbHAS [TOJIBIUXKHAsI CUCTEMa KOOPJIWHAT, B KOTOPOI I0-
JIOXKEHUE BUHTA OCTaBAJIOCh HEM3MEHHBIM, 9TO HE COBCEM KOPPEKTHO IIPU HAJIUIUU
cBOOOMHOI TOBepxXHOCTH. KpOMe TOro, OT/In<dne MOXKET OBITh CBSI3aHO C Pa3/IMIHBI-
MU [eOMEeTPUIECKUME XapaKTepUCTUKaMu IpebHbx BuHTOB (Momesis KP505 umeer

5 sonacreit, mozess [5] — 4, auamerp mozmesn KP505 cocrasister 0.25 M, Mozmenn [5]
~0.179 m).

4.2. NccnepoBaHnue BJIMSHHUSI CBOOOIHOI IMOBEPXHOCTH HA THAPOIMHAMMU-
YecKHe XapaKTEePUCTUKH IMOJITHOMAacHITabHoro rpedonoro BuHTa. Ha ciemy-
IOIIEM dTale IPOBONUTCS OIEHKA BJIMSHIS CBOOOHOM TOBEPXHOCTH HA THAPOINHA-
MHUYeCKne XapaKTEePUCTUKHU IOoJHOMacIITabuoro rpedbuoro suarta KP505, nuamerp
KOTOpOTO cocTasjser 7.9 M. PaccmarpuBaercst JiBa BapuaHTa IIyOUHBI IIOI'DY YKEHUsT
rpebHOTO BUHTA, [IPEJICTABJIEHHBIE B TAO/IHUIE 2.

TABIUIA 2. BapuaHTb! TJIyOUHBI TOTPYKEHUST TTOJTHOMACIITITAOHO-
ro rpebHOTO BUHTA

Ne | Tiy6una norpyzxenus h, M | Ornortenue h/D
1 6.32 0.8
4.74 0.6

Yacrora BpallieHud IIOJIHOMACIITAOHOTO Fpe6HOFO BUHTa OIIpejiesideTcd nu3 cCooT-
HOIIIECHU A :
Nm

(16) "=y

TJIe Ny, — JACTOTA BpaIleHust TPeOHOr0 BHHTA MOJEILHOTO padMepa, A — MacITab.
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Pacuernast cerka Jj1s rpeOGHOrO BUHTA TOJTHOMACIITAGHOTO pazMepa MepecTpoeHa
¢ ydeTroMm Macmrraba: 0a30BbII pasMep sd49eeK yBEJIUYIeH B A Pa3, TOJIIUHA IIePBOi
s9eliKI IIPU3MATIIECKOTO CJI0s — B v/ A Pa3 Jylsi COXPAHEHIE MAJOr0 3HAUCHHs 6e3-
Pa3sMepHOro PacCTOSHUA JI0 CTeHKH YT Jisl IIPUCTEHOUHBIX ddeeK.

Ha pucynke 18 moka3aHb! 1moJist 06e€3pa3MepeHHONl CKOPOCTH B IIEHTPAJIBLHOM Ce-
YEHUM PACYETHON OBJIACTH JIJIs MOJEJIBHOIO U TOJHOMACIITAOHOrO IPebHOr0 BUHTA,
(pexxum J=0.2, ciayuaii h/D=0.6). YepHoil JuHuelHl IOKA3aHO NOJIOKEHNE CBOOOIO
TOBEPXHOCTH.

|
0 2.0 4.0 6.0

Puc. 18. Pacnpenenenne 06e3pasMepeHHON CKOPOCTH B IIEHTPAIb-
HOM CEYEHHN PAacUYeTHON OOJACTH: CJeBa — MOIEJbHBIN T'peOHOM
BHUHT, CIIPaBa — IOJHOMACIITAOHBIH IPEOHOM BUHT

W3 pucynka 18 BuAHO, UTO XapakKTep paclpejiesieHus 0b0e3pa3sMepHEHHOH CKO-
pocT B 000MX CJIydasix CXOXK, TaKKe IOX0Ka (popMa BO3HUKAIOIIUX 3a T'PEOHBIM
BUHTOM BOJIH. OJ[HAKO B CJIydae MOJIEILHOIO MacIITaba ypoBeHb CBOOOIHON TIOBEPX-
HOCTH ITPOXOIUT HUKE, N HADJII0IaeTCsT OOIbIee OroJIeHIe JOMACTH TPeOHOTO BUHTA
10 CPABHEHUIO C MOJIHBIM MacITaboM.

Ha pucynke 19 npejcrasieno pacupejenenue kodbdunuenra tpenus Cp =
Tw/0.5p(mnD)? Ha 3acacwBaloleil U HArHETAIOMEil MTOBEPXHOCTAX JIONACTH TPeb-
HOTO BHHTA J(BYX MACIITa0OB JuIsl ciryuast norpyxkenust h/D=0.6, pexxum J=0.2.
Yepnoit uHIEH TOKA3aHO MOJIOXKEHNE CBOOOIHOI MTOBEPXHOCTH.

Buzmo, aro B MmogespnoM Macmrabe K03 MOUIUEHT TPEHUS BBIIIE, 9€M Y IIOJIHO-
Macirabuoro rpebuoro BuaTa. B 060ux MaciTabax 3uadeHus K03 uImenTa Tpe-
HUsI HAUMEHBIIME Y KOPHSI JIONACTHA rpebHOr0 BHHTA, HAMOOJIBINNE — HA IepeiHei
kpomke. Ha kpasix Jjionacreii, BBIXOJIANIUX U3 BOJbI, HAOJIIOJAETCS €r0 CHUXKEHUE.
HeonropoauocTu B pacupesenennn Ko3MDUIMEeHTa TPEHUsI Ha, BUHTE MOJIETBHOIO
MacmTaba CBI3aHO C 30HAMU JIAMAHAPHO-TYPOYJIEHTHOTO IIEPEXO/IA.

Ha pucynkax 20-22 mpescTaBieHbl 3aBHCAMOCTU THIPOAMHAMUYECKUX XaPaK-
TEPUCTUK I'PeOHOIO BHHTA MOJIEJBHOIO ¥ ITOJTHOMACIITAOHOIO Pa3MePOB, & TaKXKe
KO3 HUIHMEHTHI TOJTHOMACIITAOHOIO TPEOHOTO BUHTA IIPU OTCYTCTBHUH CBOOOHOM
TOBEPXHOCTH, TIOJIyYeHHBIE C MTOMOIIBI0 METO/a IKCTPAIOJIsun MexK 1yHapOTHON
Kondepenrnun OusiroBbix Bacceiino (ITTC) [28], npuHsATOro B KadecTBe MEXKLy-
HaPOHOIO CTAH/IAPTA.
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Puc. 19. Pacnpenenenne kosdduiinenta TpeHHs: CjieBa — MO-
JIeTIbHBIN TPeOHOM BUHT, CIpaBa — MOJHOMACIHITAOHBIN TPeOHOIM
BUHT, CBEPXY — 3aCacChbIBAIOIIasl IIOBEPXHOCTh JIONIACTHA, CHU3Y — Ha-
THeTaloIas MOBEPXHOCTD JIOIIACTH
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—x— 0e3 cBo00IHOI MmoBepXHOCTH (Mozens), —1r- h/D=0.6 (Mozens), ~7- h/D=0.8 (Momeis),
—#— ITTC, —# - /D=0.6 (mon=eIii MacmTad), -4 - h/D=0.8 (moxHkI MacmTad)

Puc. 20. Koadbdunumenrt ynopa MomeibHOrO U MOJTHOMACIITAOHOTO
rpebHOTO BUHTA

Cornacuo skcrpamnossanun [TTC, kosddurmenTs yopa u moIe3Horo neicTBus
TOTHOMACIITAOHOTO rPEOHOI0 BUHTA, PAOOTAIOIIETO B YCJIOBUSIX CBOOOIHO BOBI Oe3
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Puc. 21. Kosddurument momMerTa MOJIETLHOTO U TOJTHOMACIITA0-
HOTO IpebHOr0 BHUHTA
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—#— ITTC, —®- h/D=0.6 (monasri MacmTad), -4 - /D=0.8 (monusiii Macimrab)

Puc. 22. KosddurmenT moae3Horo aeicTBusa MOIEIHLHOTO U ITOJI-
HOMACIITaOHOTO TPEOHOTO BUHTA

BOJIOpAa3/iesia, BBINIE, €M Yy MOJIeNH, a KO3 dUImeHTs MOMeHTa — Hu2Ke. B mpose-
JIEHHBIX YHMCJIEHHBIX pacdeTax II0JIydeHa TaKasl YKe TEeHJEHIUs JIjis KO3(pUIueHTa
ymopa u KIIJI, 3nadenus: kosdduimerra MOMEHTa TOJJHOMACIITAOHOTO IPeOHOIO
BUHTA HA MaJIbIX OTHOCUTEJBHBIX IMOCTYIISAX, TJI€ BEJIUKO BJIASHUE CBODOIHON IIO-
BEPXHOCTH, BBIIIE, Y€M Yy MOJEJIHHOIO, HA OTHOCHTEJIHHBIX IOCTYISIX, HAYMHAS C
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J=0.7 — amxe. Taxxe HEOOXOMMMO OTMETHUTD, 4TO 3aBucuMocth KII, moryaennas
o metoauke ITTC s mosiHOpa3MepHOro rpebHOr0 BUHTA, JIEYKUT BBIIIE 3aBUCH-
MOCTH JIJIsT MOJIETN, HO HUKE PACUETHOI, YTO OCODEHHO 3aMeTHO Ha 00Jiee BHICOKHUX
OTHOCHTEJIBHBIX HOCTYIISIX. DTO MOXKET OBITH CBSI3aHO C TeM, 4T0 B Merojuke ITTC
IIPUMEHSIIOTCsI TIONPABKK Ha IIEPOXOBATOCTb, 8 B HACTOSIINEM HCCIEIOBAHUU PAaC-
CMaTPUBAJICS TIAIKANA IPEOHON BUHT.

5. 3AKJ/JIIOYEHUE

B macrostimeit cratbe ObLIN MPEICTABIEHBI PE3YJIBTATHI YACIEHHOTO MCCJIET0BA~
HUsI BJIMSIHUST CBOOOJIHOW TOBEPXHOCTH HA TUIAPOJMHAMHUYECKHE XapAKTEPUCTUKU
rpeGHOro BUHTA, BBIIOJIHEHHOTO B makeTe mporpamMm «Jlorocs. s Basmpanum me-
TOJIMKU YHCJEHHOI'O MOJEJINPOBAHUS HCIOIH30BAIACh 33/1a9a OOTEKAHUS MEXKIy-
HAPOJIHON TecTOoBON Mojesm rpedHoro Bunta KP505 B yciaoBusax cBoOOIHON BOJIBI.
Boimu nposeersr pacaerst KO3hGUITMEHTOB yIIopa, MOMEHTA U IIOJIE3HOTO AefCTBUsT
rpebrnoro Buata KP505 MozmespHOrO m mosgHOMACIITAOHOTO pa3MepoOB IPU PAa3HON
IyOUHe TIOrpy»KeHusi. Pe3yibTaTsbl YUCIEHHOTO MOJIETMPOBAHNUST TIOKA3AJIH, 9TO Ma~
Jiasl TUIyOMHA OTPY2KEeHHs BaJia TpeOHOr0 BUHTA CUJIbHEE BCErO BJIMSET HA €ro T'H/l-
POJIMHAMUYECKUE XaPAKTEPUCTUKU HA HAYAJBHBIX OTHOCUTEIBHBIX MOCTYIAX (CHU-
JKeHHe yropa u MoMeHnTa B ciaydae h/D=0.6 wa nocrymu J=0.2 mocruraer oKojo
30%, mo mMepe yBeIWUeHnsl OTHOCHTEIHHOM MOCTYIIU 3TO BAUSHUE CHUKaeTcs. 1lpu
MaJIOM TIOIPY?KEHUU I'PEOHOTO BUHTA BO3HUKAET adpallds, MPUYEM st TPeOHOTO
BHUHTa MOJIEJIBHOTO pa3Mepa HabJsomaeTcs bosbiniee orosenue jomacteii. [lokazamo,
9T0 KO(DUIMEHTHI yIIOpa M IIOJE3HOIO JIEHCTBHUS IIOJHOMACIITAOHOIO IPeOHOIO
BHUHTA pa3Mepa BbIIlIe, 9eM Ko3(DOUIMEHTHI MOJeN, 9T0 HADIIOaeTCsl U JJIsd Tped-
HBIX BUHTOB, PAOOTAIOIINX B YCJIOBUASX CBODOIHON BOIBI DA OTCYTCTBUH BOIOPA3-
Jena. 3Hadenusi KoM UIMeHnTa MOMEHTA TOJTHOMACIITAOHOTO I'PeGHOr0 BUHTA Ha
MaJIBIX OTHOCHUTEJIbHBIX IOCTYIISIX, [JIe BEJIUKO BJIAsIHUE CBODOIHOI ITOBEPXHOCTH,
BBIIIIE, Y€M Y MOJIEJIBHOI0, HA OTHOCUTEJIbHBIX IOCTYIIsSIX, HaunHas ¢ J=0.7 — HuxKe.

ITonyuyennsie B HacTOsIIEN pabOTe PE3YJIBTATHI JIJIsl UCIIBITAHMI I'PeOHBIX BUHTOB
B CBODOHOI BOJie SIBJISIIOTCS 3aJI€JI0M JIJIsI JAJbHEHIIero UCCae0Banns BIUAHNS
CBOOOIHOI TOBEPXHOCTH Ha paboTy TpebHOrO BHHTA 38 KOPITYCOM CYIHA.
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